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Abstract — Volatile organic compounds (VOC) are organic 
chemicals that have high vapor pressure at regular conditions. 
Some VOC could be dangerous to human health, therefore it is 
important to determine real-time indoor and outdoor personal 
exposures to VOC. To achieve this goal, our group has 
developed a wearable gas monitor with a complete sensor 
fabrication and calibration protocol for free-living conditions. 
Correction factors for calibrating the sensors, including 
sensitivity, aging effect, and temperature effect are implemented 
into a Quick Response Code (QR code), so that the 
pre-calibrated quartz tuning fork (QTF) sensor can be used 
with the wearable monitor under free-living conditions. 


I. INTRODUCTION 


Volatile organic compounds (VOC) are known as one group 
of the major environmental gas pollutants from 
anthropogenic and biogenic sources [1]. Most of VOC are 
harmful to human body, especially to the respiratory system 
[2]. Therefore, it is of great significance to monitor real-time 
personal exposure level to VOC. 

Among reported analytical methods in detecting VOC, 
photo-ionization detector (PID) is one of the most popular 
techniques. On the other hand, gas chromatography (GC) 
combined methods, such as with mass spectrometry (MS) and 
thermal conductivity detection (TCD) [3], have been 
extensively used and reported for VOC detection. The 
principle of PID is to detect the electric current generated by 
the ionization of gas sample when exposed to the UV light 
[4]. Due to the nature of its sensing mechanism, PID can also 
pick up some non-VOC gases, which compromise the 
selectivity of the response. On the contrary, GC-MS is widely 
used in gas sample analysis due to its robustness, high 
selectivity and sensitivity. However, the bulky GC systems 
are impractical for applications under free-living conditions. 

For assessment of personal VOC exposure, our group has 
developed a wearable wireless gas monitor [5-8] based on 
quartz tuning fork (QTF), which is a mass sensitive 
piezoelectric resonator. QTF sensors are coated with a film of 
molecularly imprinted polymer (MIP), which is sensitive and 
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selective to the target analytes, VOC. The molecularly 
imprinted polymer is formed in the presence of a specific 
molecule as template that is extracted after the polymer 
synthesis, leaving complementary cavities with chemical 
affinity to the molecules similar to the original molecular 
template or its family. 

Comparing to traditional VOC detection methods, the QTF 
sensors modified with MIP detect VOC in real-time 
selectively, and with fast response and high sensitivity. The 
cost of the sensors and nature of the polymer synthesis also 
make it a low-cost sensing system. The MIP-modified QTF 
sensors have been integrated in the wearable wireless gas 
monitor for VOC detection. Studies in our laboratory and 
field tests have been performed to validate the specifications 
of VOC gas monitor based on QTF sensors [5-8]. This VOC 
gas monitor has shown the ability to provide timely response 
to VOCs exposure level, helping to identify potential health 
risks [9]. 

Systematic characterizations of the MIP-modified QTF 
sensor used in the VOC gas monitor have been demonstrated 
in our previous publications [6]. Field tests were also 
performed [5]. In this paper, a complete and scalable sensor 
fabrication and calibration protocol is presented. Correction 
factors of the sensors, including sensitivity, aging and 
temperature effects are implemented into a Quick Response 
Code (QR code). By having the QR code and scanning into 
the VOC gas monitor application, which runs on a mobile 
device (e.g. Smartphone or tablet), the system is easy to 
operate and calibration-free. In summary, we herein present 
this VOC gas monitor based on QTF sensors, which is 
applicable for personal VOC exposure assessment in real 
scenarios. 


II. METHODS 


A. Sensing Mechanism 


The sensing mechanism for VOC by our gas monitor is 
mainly divided into three steps (Fig. la): 1) Sample 
collection: The air sample firstly goes through a purging 
channel for 2 minutes (purging period), where a filter adsorbs 
particles and VOC interferences to generate a clean air flow, 
which defines a stable baseline. Then, the flow is switched to 
a sampling channel for 1 minute (sampling period), where a 
different filter is used to remove particles only. This generates 
a particle-free air sample for testing. Therefore, the total 
testing cycle involves 2-min purging and 1-min sampling, and 
it takes a total of 3 minutes. During the entire testing cycle, 
the sample passes through a dew line to avoid humidity 
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Fig. 1 a) Schematic representation of the VOC gas monitor. b) Protocol 
created for easy and user-friendly use of the VOC gas monitor, 
including: 1- QR code, 2- Monitor (device) communication with user 
interface (app in a phone or tablet), 3- Wearing during use. 


QTF is a mass sensitive resonator. The resonant frequency 
changes between the purging and sampling periods are 
monitored, and the maximum frequency change is recorded to 
determine the sensor mass change. This mass change is 
proportional to the VOC concentration in gas phase. In this 
paper, the response of the MIP-modified QTF sensor is 
defined as QTF resonant frequency change. 3) Data 
transmission: The real-time frequency change of the 
MIP-modified QTF sensor is transmitted from the VOC gas 
monitor via Bluetooth® to a smartphone or tablet. With 
pre-defined correction factors obtained from a sensor QR 
code (see below), the QTF sensor data is processed in an 
application located at the smartphone or tablet and VOC 
concentration will be displayed on user interface. Fig. 1b) 
shows a schematic representation of the protocol used for the 
VOC gas monitor, including pictures of QR code scanning, 
the gas monitor, user interface, and application. 


B. Sensor fabrication 


In order to make the sensor fabrication more cost-effective, 
we used a spin coater to coat a uniform thin layer of MIP on 
the surface of the QTF sensors. Thirty QTF sensors can be 
coated within 1 minute with a reproducibility of +/-10%, 
which shows that this fabrication procedure is promising for 
scalable production. After fabrication, the MIP-modified 
QTF sensors are kept in sealed laminated bags at -10°C 
(freezer). 


C. Sensor calibration and temperature effect 


investigation 

O-Xylene was chosen as a calibration gas. All calibration 
tests were done in a sealed box, where sample concentration 
and ambient temperature could be controlled. A thermistor 
was implemented inside the device to monitor the 
environmental temperature. The sensitivity of the 


MIP-modified QTF sensor was calibrated, using six different 
o-Xylene concentrations over five different temperatures. 


D. Shipping condition validation 

As a sensor operating under free-living conditions, the 
MIP-modified QTF sensor’s performance may be influenced 
not only by environmental temperature sensing conditions, 
but also by conditions during shipping. From our experience, 
higher temperature exposure may induce a decrease in 
sensitivity, and therefore, temperature during shipping may 
be important to quality control. To maintain sensor 
sensitivity, we determined that it is important to use cold 
packs and boxes with good thermal insulation property to 
pack the sensors. To validate this packing method, we 
simulated a 2-day shipping condition, during which the 
sensors were kept at 25°C for 40 hours and 40°C for 8 hours. 
Along this line, the sensitivity of the packed MIP-modified 
QTF sensor was measured before and after the exposure to 
the simulated 2-day shipping condition. A control group, 
which did not have any thermal insulating protection during 
the two days, was also tested for comparative purpose. 


III. RESULTS AND DISCUSSION 


A. Sensitivity calibration 


Fig. 2 shows the response of the MIP-modified QTF sensor to 
o-Xylene samples at room temperature. The response follows 
a Langmuir adsorption isotherm, which can be expressed as 
follows [10]: 


Rmax * € 


Kp+c 


R= (1) 


where R is the amount of gas absorbed, represented by 
resonant frequency change of MIP-modified QTF sensors; 
Rmnax IS Maximum amount of gas that could be absorbed 
(maximum response from the sensors), c represents o-Xylene 
concentration, and Kp is the dissociation constant. The fitting 
in Fig. 2 has a fitting squared-regression coefficient (r°) close 
to 1, indicating agreement with the Langmuir monolayer 
adsorption theory. Therefore, we could express this gas 
adsorption behavior as reaction: 
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Fig. 2 Sensitivity calibration of the MIP-modified QTF 
sensor under room _ temperature (24.5 °C), and 
corresponding fitted curve for Langmuir behavior. 
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Fig. 3 Sensitivity dependency on different temperature, and 
corresponding fitted curve for Langmuir behavior. 


A+B2C (2) 
A represents the available gas molecule and B is the binding 
sites on the polymer. C is polymer bounded with gas 
molecule. 


B. Temperature effect on sensor sensitivity 


Temperature is a key factor that has impact on reaction rate 
and gas vapor pressure. The MIP-modified QTF sensor 
sensitivity to different environmental temperature operating 
conditions was assessed. It could be observed that the sensor 
sensitivity decreases with increasing environmental 
temperatures, as shown in Fig. 3. In addition, Langmuir 
equations could be fitted for the sensor responses at different 
temperatures, which can then be used as calibration equations 
over temperature. Therefore, the temperature-dependent 
sensitivity behavior needs to be accounted in the sensor 
calibration protocol (see below QR code generation) to 
consider different real free-living environmental scenarios. 


C. Simulated shipping conditions 


Fig. 4 shows the effect of simulated 2-day shipping condition 
on the MIP-modified QTF sensor sensitivity as explained in 
the experimental sections. Fig. 4a) considers the case of the 
sensor with no thermal control (QTF | & QTF 2), while Fig. 
4b) shows the case when the thermal control with cold pack 
and thermal insulating box were applied (QTF 3 & QTF 4). 
The sensitivity of the sensors was evaluated at 25 °C. It is 
worth noticing that the effect of thermal insulation of the 
sensors is necessary to keep the sensitivity of the sensor 
between 97-100% of the original sensitivity, and therefore, it 
is an important factor from practical standpoint to ensure 
sensor sensitivity during transit. Results not shown here also 
indicated the need of keeping the sensors stored at low 
temperature (-10 °C) to preserve the original sensitivity over 
extended storage period, as cold temperature helped in 
keeping sensing material sensitive and stable over a long 
period of time. As previously reported ([6]), sensor sensitivity 
decreased significantly at room temperature over time. This 


decay issue was improved by mixing polystyrene, which is 
used as organic glue, with MIP and coating the mixture on the 
QTF sensor. For practical application, the sensors could be 
used for a week after it’s taken out from -10 °C storage 
environment. 


D. QR code generation 


As described above (Fig. 1b), a QR code is generated to use 
the sensor under free-living conditions, where calibration 
gases are not typically available. The QR code generation 
includes the calibrations of the MIP-modified QTF sensors at 
different temperatures to account for the temperature 
sensitivity dependence (See Fig. 2 and section B.). This 
procedure is defined for sensor sensitivity assessment before 
shipping. In addition, since the calibration with Langmuir 
equation is representative of the sensor sensitivity, the QR 
code includes calibration factors such as maximum response 
(Rmax) and dissociation constant (Kp) for different 
temperature operation ranges, which are assessed via the 
internal VOC monitor’s thermistor. In other words, the 
thermistor identifies the free-living condition operating 
temperature to aid the selection of the correct calibration 
factors during signal processing of the sensors. By scanning 
this QR code, the application (user interface) retrieves all the 
required calibration information on a specific MIP-modified 
QTF sensor, and is able to proceed to data processing. This 
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Fig. 4 Effect of simulated 2-day shipping condition on the 
MIP-modified QTF sensor for a) No thermal control for the sensors; 
b) Thermal control with cold pack and thermal insulating box. 
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QR code implementation makes the gas monitor much easier 
to operate so that the whole system is more suitable as a 
personal wearable monitor. 


IV. CONCLUSION 


In this paper, we presented the fabrication and calibration 
protocol for a personal wearable VOC gas monitor based on 
MIP-modified QTF sensors. Sensitivity and temperature 
calibration are performed. Results show that Langmuir 
equation represents the sensor sensitivity towards different 
concentrations, and could be fitted well on adsorption 
isotherms. Increment in temperature will cause decrease in 
sensor sensitivity. Shipping condition is also simulated and a 
packing method is validated. With these calibration properties 
and previously reported sensor behaviors, a QR code was 
generated to make the VOC gas monitor operation more 
user-friendly and suitable for free-living conditions exposure 
monitoring. 
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